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ac1 ac1 of Actinobacteria 
Beta Beta-Proteobacteria 
CF Cytophaga-Flavobacteria 
Chl a Chlorophyll a 
(D)OC (dissolved) organic carbon 
FISH Fluorescence in situ hybridisation 
HNF heterotrophic nano-flagellates  
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 SPRING IN TEMPERATE LAKES, SUCH AS LAKE ZURICH, IS DEFINED BY ASYNCHRONOUS BLOOMS OF VARIOUS 
MICROBIAL POPULATIONS. FOLLOWING A STEEP INCREASE OF BIOMASS OF PHYTOPLANKTON, FAST-GROWING BACTERIA 
RISE IN ABUNDANCE, SINCE THEY PROFIT FROM THE ORGANIC CARBON EXUDATION OF THE PRIMARY PORDUCERS. SUCH 
BACTERIA ARE AFFILIATED WITH CYTOPHAGA-FLAVOBACTERIA, NAMELY FLUVIICOLA SP. OR CYCLOBACTERIACEAE, OR 
WITH THE LIMNOHABITANS CLUSTER OF ΒETA-PROTEOBACTERIA. THESE POPULATIONS ARE SUBSEQUENTLY DIMINISHED 
BY FEEDING OF HETEROTROPHIC NANO-FLAGELLATES, OPENING A NICHE FOR GRAZING-RESISTANT BACTERIA SUCH AS 
AC1 ACTINOBACTERIA AND FILAMENTOUS LD2 BACTERIA.  
 THESE PHYLOTYPES DO NOT ONLY PROFIT FROM THEIR GRAZING-RESISTANT MORPHOLOGY, BUT ALSO SEEM TO BE 
SPECIALISTS FOR THE DEGRADATION OF SUBSTRATES RELEASED BY FLAGELLATE GRAZING, SUCH AS THE BACTERIAL CELL 
WALL COMPONENT N-ACETYL-GLUCOSAMINE (NAG). DURING THE SPRING PHYTOPLANKTON BLOOM 2009 IN LAKE 
ZURICH THE UPTAKE OF NAG WAS FIRST DOMINATED BY FAST-GROWING BACTERIA, WHILE GRAZING-RESISTANT 
BACTERIA LATER CONSTITUTED THE GREATER PERCENTAGE OF NAG-ACTIVE CELLS. MOREOVER, DESPITE BEING FREE-
LIVING, THEY WERE HIGHLY ENRICHED ON POLYMERS SUCH AS PEPTIDOGLYCAN AND CHITIN, PRESUMABLY BECAUSE THE 
SUBSTRATES WERE PRE-DIGESTED BY FLAGELLATES. THUS, SUBSTRATES SUCH AS NAG ARE PASSED ON DIFFERENT 
ROUTES THROUGH THE FOOD WEB: WHEN INCORPORATED BY FAST-GROWING BACTERIA THEY ARE FURTHER TAKEN UP 
BY HETEROTROPHIC NANO-FLAGELLATES THAT ARE EATEN BY DAPHNIA SPP. IF, HOWEVER, TAKEN UP BY AC1 
ACTINOBACTERIA THE ORGANIC CARBON FROM THESES SUBSTRATES MAY NEVER REACH ORGANISMS OF HIGHER 
TROPHIC LEVELS, SINCE AC1 ARE PRESUMABLY SUBJECTED TO VIRAL LYSIS.  
 AFTER PHYTOPLANKTON BLOOMS ZOOPLANKTON SPECIES SUCH AS THE GENUS DAPHNIA USUALLY CONSTITUTE 
MAJOR POPULATIONS IN TEMPERATE LAKES. DAPHNIDS ARE COMMONLY ASSOCIATED WITH HETEROTROPHIC BACTERIA 
THAT LIVE ON THEIR FILTER COMBS AND PROFIT FROM THE FILTRATION ACTIVITY OF THE ANIMALS. MANY OF THESE 
BACTERIA ARE AFFILIATED WITH LIMNOHABITANS SP. AND ARE HIGHLY ACTIVE IN THE INCORPORATION OF DISSOLVED 
SUBSTRATES SUCH AS THE AMINO ACID LEUCINE. IN LAKE ZURICH UP TO 10% OF THE LEUCINE UPTAKE WAS 
CONDUCTED BY BACTERIA ATTACHED TO DAPHNIDS. THIS HAS IMPLICATIONS FOR THE FOOD WEB, SINCE THE EPIBIONTS 
ARE, TOGETHER WITH THEIR HOST, CONSUMED BY FISH. THUS THE UPTAKE OF DISSOLVED ORGANIC CARBON BY 
EPIBIONTS PROVIDES A SHORT-CUT THROUGH THE FOOD WEB, WHERE BACTERIALLY INCORPORATED CARBON IS 
DIRECTLY PASSED ON TO FISH.  
 THE RELEASE OF ORGANIC CARBON BY FLAGELLATES AND THE UPTAKE BY GRAZING-RESISTANT BACTERIA AS WELL AS 
THE UPTAKE OF CARBON BY DAPHNIA SPP. EPIBIONTS ARE BOTH EXAMPLES FOR HIDDEN FOOD WEB INTERACTIONS 
INVOLVING MICROBES. ELUCIDATION OF SUCH INTERACTIONS AND THEIR INCORPORATION INTO FRESHWATER FOOD 
WEB ANALYSIS MAY SIGNIFICANTLY ALTER OUR UNDERSTANDING OF SUCH SYSTEMS.   
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ZUSAMMENFASSUNG 
 DAS FRÜHJAHR VON SEEN IN GEMÄSSIGTEN BREITEN, WIE Z.B. DEM ZÜRICHSEE, ZEICHNET SICH DURCH EINE 
SUKZESSION VERSCHIEDENER BLÜTEN VON MIKROBIELLEN POPULATIONEN AUS. DEM STEILEN ANSTIEG DER BIOMASSE 
VON EINZELLIGEM PHYTOPLANKTON, FOLGEN HOHE ABUNDANZEN SCHNELL-WACHSENDER BAKTERIEN. DIESE 
BAKTERIEN LASSEN SICH TAXONOMISCH ZUM BEISPIEL FOLGENDEN EINHEITEN ZUORDNEN: FLUVIICOLA SP. ODER 
CYCLOBACTERIACEAE DER CYTOPHAGA-FLAVOBACTEIRA ODER DER GATTUNG LIMNOHABITANS  (ΒETA-
PROTEOBACTERIA). DIE BAKTERIEN-POPULATIONEN WERDEN IN FOLGE DURCH DIE FRASSAKTIVITÄT VON 
HETEROTROPHEN NANOFLAGELLATEN DEZIMIERT. DIES ÖFFNET EINE NEUE NISCHE FÜR FRASS-RESISTENTE BAKTERIEN 
WIE AC1 ACTINOBACTERIA UND FÄDIGEN LD2 BAKTERIEN.  
 DIESE PHYLOGENETISCHEN GRUPPEN PROFITIEREN NICHT NUR VON IHRER FRASS-RESISTENTEN MORPHOLOGIE 
SONDERN SCHEINEN AUCH AUF SUBSTRATE SPEZIALISIERT ZU SEIN DIE BEIM FRASSVERHALTEN DER FLAGELLATEN 
FREIGESETZT WERDEN. DIESE SUBSTRATE BEINHALTEN ZUM BEISPIEL DIE BAKTERIELLE ZELLWANDUNTEREINHEIT N-
ACETYL-GLUCOSAMIN. WÄHREND SCHNELL-WACHSENDE BAKTERIEN DIE AUFNAHME DIESES SUBSTRATES AM ANFANG 
DER BLÜTE DOMINIERTEN, ZEIGTEN DANACH FRASS-RESISTENTE BAKTERIEN EINE EFFIZIENTERE ASSIMILATION. DARÜBER 
HINAUS WAREN AC1 UND LD2 FILAMENTE ERFOLGREICH AUF POLYMEREN WIE PEPTIDOGLYCAN UND CHITIN 
ANREICHERBAR, OBWOHL ES SICH EIGENTLICH UM REIN PLANKTISCHE BAKTERIENGRUPPEN HANDELT. WAHRSCHEINLICH 
WAR DIES DURCH EINEN „VORVERDAUUNG“ DER SUBSTRATE DURCH DIE FLAGELLATEN MÖGLICH. 
 DIE FRÜHJAHRESBLÜTE WIRD GEWÖHNLICH DURCH DEN FRASS VON METAZOOPLANKTERN, WIE Z.B.  DER 
GATTUNG DAPHNIA, BEENDET. VIELE DIESER DAPHNIEN SIND MIT HETEROTROPHEN BAKTERIEN VERGESELLSCHAFTET, 
WOBEI DIE MIKROORGANISMEN INSBESONDERS DIE FILTRATIONSKÄMME DER DAPHNIEN BESIEDELN. DORT PROFITIEREN 
SIE VON DER FILTRATIONSAKTIVITÄT DES KLEINKREBSES, WODUCRH EINE STÄNDIGE ZUFUHR VON FRISCHWASSER 
GARANTIERT WIRD. FOLGLICH SIND DIESE AUFWUCHS-BAKTERIEN SEHR EFFIZIENT IN DER AUFNAHME VON 
ORGANISCHEM KOHLENSTOFF WIE ZUM BEISPIEL DER AMINOSÄURE LEUCIN. IN WASSERPROBEN AUS DEM ZÜRICHSEE 
WURDEN BIS ZU 10% DER LEUCINAUFNAHME DURCH BAKTERIEN AUF DAPHNIEN VERURSACHT. DIESE BEOBACHTUNG 
HAT KONSEQUENZEN FÜR DAS GESAMTE NAHRUNGSNETZ, DA DIE BAKTERIELLEN EPIBIONTEN ZUSAMMEN MIT IHREM 
WIRT VON PLANKTIVOREN FISCHEN GEFRESSEN WERDEN. SOMIT BILDET DIE AUFNAHME VON ORGANISCHEM 
KOHLENSTOFF DURCH EPIBIONTEN EINE „ABKÜRZUNG“ INNERHALB DES NAHRUNGSNETZES, BEI DER TROPHISCHE 
EBENEN ÜBERSPRUNGEN WERDEN, UND DER BAKTERIELL AUFGENOMMENE ORGANISCHE KOHLENSTOFF DIREKTER ZU 
FISCHEN GELANGT.  
 DIE FREISETZUNG VON ORGANISCHEM KOHLENSTOFF DURCH FLAGELLATEN UND DEREN AUFNAHME DURCH 
FRASS-RESISTENTE BAKTERIEN, WIE AUCH DIE AUFNAHME VON KOHLENSTOFF DURCH DAPHNIA-EPIBIONTEN SIND 
BEISPIELE FÜR OFT VERNACHLÄSSIGTE INTERAKTIONEN IN NAHRUNGSNETZEN. DIE ERFORSCHUNG DIESER WEITGEHEND 
UNBEKANNTEN PROZESSE UND DEREN BERÜCKSICHTIGUNG IN  NAHRUNGSNETZANALYSEN VON BINNENGEWÄSSERN 
WIRD UNSER VERSTÄNDNIS FÜR DIESE SYSTEME NACHHALTIG VERBESSERN. 
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PREFACE 
 This dissertation comprises three studies, summarised in three manuscripts, of which two 
were published in Environmental Microbiology (Eckert et al, 2012 & 2013) and one is currently 
submitted. The first article is a descriptive study of the development of various bacterial 
populations, their uptake of leucine and N-acetyl-glucosamine, and other biotic and abiotic 
factors during a phytoplankton spring bloom (Article I). From there we formulated a 
hypothesis that was tested in the second study, namely that grazing-resistant bacterial 
populations such as ac1 Actinobacteria and filamentous bacteria profit from substrates 
released through flagellate grazing (Article II). In the third study we further followed specific 
compounds and evaluated their uptake by epibiotic bacteria on crustacean Daphnia spp. 
(Article III). 
Article I: Eckert, E.M., Salcher, M.M., Posch, T., Eugster, B., and Pernthaler, J. (2012) Rapid 
successions affect microbial N-acetyl-glucosamine uptake patterns during a lacustrine spring 
phytoplankton bloom. Environ Microbiol 14: 794-806.  
Article II: Eckert, E.M., Baumgartner, M., Huber, I.M., and Pernthaler, J. (2013) Grazing resistant 
freshwater bacteria profit from chitin and cell-wall-derived organic carbon. Environ Microbiol 15: 
2019-2030. 
Article III: Eckert, E.M., and Pernthaler, J. (submitted) Bacterial epibionts of Daphnia are a 
potential route for the efficient transfer of dissolved organic carbon within freshwater food webs. 
 In the following pages I describe how conclusions for these studies were drawn and on 
which basis new hypotheses were formulated. I shall support my statements with examples 
from both the literature, and the three above mentioned studies and I shall also include some 
unpublished data. Moreover, I will try to put all the core findings of the studies in a food web 
context. To exemplify some of these mechanisms I intend to concentrate on few populations 
of bacteria, protozoa and the zooplankton genus Daphnia. It is not my intention to 
summarize all aspects of my work in this section since they are, to my opinion, already 
sufficiently formulated in the three manuscripts. I shall rather reflect my work of the last years 
and try to carve out some implications and perspectives for further studies. Thus, the text is 




1  TRANSLATING SUCCESSIONS INTO FOOD WEB HYPOTHESIS 
 Lake Zurich is a subalpine oligo-mesotrophic lake (Bossard, et al., 2001). Freshwater food 
webs of temperate regions are highly dynamic, due to the impact of the seasons on the 
epilimnetic temperature1 (Simon, et al., 1998). Initiated by the steep increase of 
phytoplankton biomass in early spring, a variety of organismic groups fluctuate in abundance 
throughout the period of the so-called spring bloom. Unicellular primary producers exude 
organic carbon (OC), which serves as a substrate for the carbon limited heterotrophic bacteria 
(Schweitzer & Simon, 1995, Felip, et al., 1996). In turn, the increasing numbers of bacteria 
promote the growth of heterotrophic nano-flagellates (HNF) which feed on the bacterial 
assemblage (Weisse, 1991) and provide a niche for alternative bacterial groups, not affected 
by grazing. Generally phytoplankton blooms are followed by high abundances of 
------------------------ 
1 The articles of this PhD thesis, as the majority of literature on lakes, is based on studies of the pelagial of the epilimnion 




Fig 1 Flavobacteria populations in Lake Zurich during Spring 2006, 2007 & 2009, and in the Řimov Reservoir 
(Czech Republic) and Lake Erken (Sweden) in 2009. Upper panels: Development of chlorophyll a (Chl a) and 
all Flavobacteria hybridised with the FISH probe CF319a (CF). Lower panels: Contributions of Flavobacteria 
subclusters at the respective CF319a maximum abundances. Probes: CF319a (Manz, et al., 1996), Fluviicola 
(Fluviic,(Salcher, et al., 2011)), Flav2 (Zeder, et al., 2009) FlavA, FlavB and FlavC (Neuenschwander et al, 
submitted), FlavSb01 & FlavSb02 (unpublished). 
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zooplankton species (Simon, et al., 1998), in Lake Zurich usually dominated by daphnids of 
the Daphnia longispina-complex.  
 Despite the pronounced dynamics of these microbial blooms, synchrony and repeated 
seasonality is commonly observed (Sommer, 1986, Kent, et al., 2007, Rusak, et al., 2009) . In 
other words; patterns observed in a given lake at a given time, are often paralleled in similar, 
physically separated lakes, and repeated in the following years, provided that the weather 
conditions are similar. This does not necessarily include all occurring bacterial phylotypes; it 
seems that some groups are more regularly observed, while another part of the microbial 
assemblage is more variable (Boucher, et al., 2006). For example; we compared the 
abundance of seven vernal populations of Cytophaga-Flavobacteria (CF) over three years in 
Lake Zurich, Lake Erken (Sweden) and a freshwater reservoir (Řimov Reservoir, Czech 
Republic)2 (Fig 1): Some populations were abundant in all spring samples such as Fluviicola 
related bacteria or Flav2 whereas others were only found on some dates and samples (e.g. 
FlavA and FlavC) (Fig 1, unpublished data). However, all of the analysed groups were at least 
found in two years in Lake Zurich and in one of the other two systems. Thus, the success of 
microbial taxa during the spring season is not random, but rather comprises organisms that 
are adapted to a temporary short-lived niche space. Microbial successions then derive from 
species that differ in their biological role and find ideal growth conditions at different times in 
the fluctuating environment (Chesson & Huntly, 1997).  
 The two main factors defining the niches for aquatic bacteria are the availability of organic 
and inorganic nutrients and agents of mortality such as viruses and HNF (Thingstad & Lignell, 
1997). Throughout the last two decades many experimental studies have determined how 
bottom-up (nutrients) and top-down (predation) control factors influence bacterial growth as 
well as genotypic and phenotypic succession (e.g. Jürgens, et al., 1999, Hahn & Höfle, 2001, 
Salcher, et al., 2007, Corno & Jürgens, 2008). It has early been proposed that aquatic bacteria 
may be classified in two main adaptive guilds: fast-growing and grazing-resistant bacteria 
(e.g. Weinbauer & Höfle, 1998). Some of the fast-growing or opportunistically-growing 
bacteria are free-living and others attach to particles, where OC concentrations and turnover 
are typically high (Simon, et al., 2002, Allgaier & Grossart, 2006, Grossart, et al., 2007). In 
some cases the microbes may also attach and detach from such organic flocs (Grossart, et al., 
2003). Members of the opportunistically growing bacterial guild were observed to enrich 
------------------------ 
2 Samples were kindly collected and provided by Stefan Bertilsson and Karel Šimek and their respective working groups. 
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rapidly as soon as grazers were removed from the system or when nutrient concentrations 
were increased (e.g. Šimek, et al., 2003, Salcher, et al., 2007, Zeder, et al., 2009) and high HNF 
grazing was even observed on bacteria attached to aggregates (Kiørboe, et al., 2004, Corno, 
et al., 2012). Thus, fast-growing bacteria seem to have developed an efficient substrate 
uptake machinery, are, however, highly vulnerable to protistan grazing. One example for 
bacteria that follow such growth patterns and are common in lakes are related to 
Limnohabitans spp. of Beta-Proteobacteria (Beta) and targeted by the probe R-Bt065 (Lhb) 
(Šimek, et al., 2005). In culture Lhb bacteria seem to profit from the presence of algae, 
particularly cryptophytes that are known for pronounced organic carbon exudation (Šimek, et 
al., 2011). These bacteria were highly enriched in an experimental treatment when the water 
was prefiltered over 5 µm to remove protistan grazers (Šimek, et al., 2005) (Fig 2A). Moreover 
taxon specific hybridisations could localise many of them in food vacuoles of HNF (Jezbera, et 
al., 2005).  
 At the other end of the spectrum grazing-resistant bacteria enrich when grazing-pressure 
on the community is increased (Pernthaler, 2005). Part of the lake bacteria are grazing 
protected due to morphological and structural features, meaning that very small cells 
(ultramicrobacteria) with rigid cell walls and long filamentous cells are less commonly 
ingested by HNF (Langenheder & Jürgens, 2001, Tarao, et al., 2009). The most prominent 
grazing-resistant bacteria during spring time in lakes belong to the ac1 tribe of 
Actinobacteria (ac1) (Glöckner, et al., 2000, Allgaier & Grossart, 2006, Salcher, et al., 2010). 
These bacteria only enriched in experiments under grazing pressure, i.e. when other bacteria 
were eliminated from the community (Pernthaler, et al., 2001) (Fig 2A). Moreover in a co-
culture with other very small cells ac1 bacteria were still consumed at a lower frequency, 
presumably due to their gram-positive cell wall structure and other cell envelope properties 
(Tarao, et al., 2009). Examples for filamentous bacteria are found in two dominant groups 
affiliated with CF; i.e. the morphologically plastic Flectobacillus cluster (Hahn, et al., 1999, 
Corno & Jürgens, 2006, Šimek, et al., 2007) and permanently filamentous bacteria related to 
Saprospiraceae (Pernthaler, 2005, Schauer & Hahn, 2005, Schauer, et al., 2006). The LD2 group 
(‘Candidatus Aquirestis calciphila’ (Hahn & Schauer, 2007)) of the Saprospiraceae are 
commonly found in Lake Zurich during the spring bloom, typically when grazing pressure is 
enhanced (Articles I&II). Experimental evidence suggests that these bacteria profit from the 
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presence of flagellated grazers, and their abundance is reduced when daphnids are present 
(Pernthaler, et al., 2004, Schauer, et al., 2006).  
  
 
 Observations of the development of a bacterial population in nature may indicate whether 
a bacterial group is more strongly top-down or bottom-up controlled: short-lived, fast-
growing populations are likely consumed by grazers whereas populations appearing at a 
later stage, and that increase concomitantly with bacterivorous flagellates, are rather 
specialised in avoiding this top-down control. Thus, prior experimentally collected knowledge 
 
 
Fig 2 Schematic depiction of how experimental data, and observation of successions help to create food 
web hypotheses. (A) Experimental enrichments of Lhb or ac1 bacteria, with and without flagellates, 
respectively (based on Šimek et al. (2005), Pernthaler et al. (2001)). (B) Seasonal successions of 
Phytoplankton Lhb, Cyclobacteriaceae, HNF, ac1 and zooplankton (weakly based on Article I ), (C) Food 
web interaction scheme for the species depicted in (B), where phytoplankton served as DOC source for 




allows formulating a hypothesis about the adaptation of bacterial populations and their 
placement in the food web (Fig 2). By means of observation of their abundance we may 
weigh the importance of the observed patterns, since in a manipulation experiment usually 
only one or two factors of a habitat are targeted (such as HNF grazing and phosphorous 
availability e.g. Salcher, et al., 2007) whereas the rest of the system is assumed to be constant. 
These changes may favour a certain population, which does not necessarily imply that the 
manipulated factors are the most defining ones in nature where many aspects interact 
(Strom, 2008).  
 Compared to a steady-state system, the above mentioned pronounced temporal 
fluctuation of abundances during phytoplankton blooms might be, as argued by Carpenter, a 
‘source of frustration’ for ecologists (Carpenter, 1988). On the other hand, the rapid turnovers 
allow to observe the dynamics of the systems, i.e. the dynamics of abundance of specific 
organismic groups in relation to other fluctuating factors, which may help to explain the role 
of certain species in the food web (Carpenter, 1988, Crowder, et al., 1988). However, a high 
resolution of sampling points is required to elucidate the maximum abundances of species in 
such short lived patterns (Chesson & Huntly, 1997). 
 For example, in the sampling campaign conducted during the spring bloom 2009 in Lake 
Zurich (Article I), we observed various populations of bacteria amongst them Lhb and ac1 
(Article I, Fig 2). Comparing their abundance at the initiation of the bloom, Lhb abundances 
rose very fast, but subsequently decreased at the time point of maximum HNF grazers. This is 
in line with the experimental hypothesis that Lhb profit from algal derived exudates but seem 
to be preferentially consumed by flagellates (Šimek, et al., 2005, Šimek, et al., 2011). Ac1 
abundances rose parallel to Lhb in the beginning of the bloom, however, they did not 
decrease with rising HNF abundances. On the contrary, the HNF maxima always 
corresponded to the ac1 maxima, which supports the previous observations of ac1 not being 
consumed by HNF (Pernthaler, et al., 2001). In this study we also analysed bacterial taxa for 
which no prior experimental data existed, such as the genus Cyclobacteriaceae of CF, which 
were rather prominent in abundance. Comparing their abundance pattern to groups where 
previous data exist, the abundance pattern of Cylclobacteriaceae highly resembled the one of 
Lhb. Moreover, microscopic images suggest a similar size of the two bacterial taxa (Article I). 
This opportunistic growth behaviour may reflect a fast uptake of organic carbon, and the 
disappearance of the group with increasing abundances of HNF hints to top-down control of 
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theses bacteria. Thus we hypothesize that these bacteria also profit from algal exudates but 
are consumed by flagellates, which allows us to place them into a food web scheme 
alongside other bacterial taxa (Fig 2). In other words, observation of successions may be 
translated into hypothesis of the ecological niche of i.e. Cyclobacteriaceae.  
 
2  INTERPLAY OF BOTTOM-UP AND TOP-DOWN FACTORS 
 Disentangling bottom-up from top-down factors may be an appropriate first attempt to 
define the niche space of prokaryotic populations. In nature, however, these factors appear 
concomitantly and are also mechanistically linked. For example Daphnia spp. feed on algae 
and filamentous bacterial cells but also regenerate nutrients due to sloppy feeding, which 
stimulates microbial growth (Riemann, et al., 1986, Peduzzi & Herndl, 1992). Similarly, HNF 
are the main consumers of heterotrophic bacteria (Porter, et al., 1985, Posch, et al., 1999). At 
the same time, HNF egest part of the pre-digested prey back to the water body which is 
again available as a substrate for bacteria (Goldman & Caron, 1985, Nagata & Kirchman, 
1992). This comprises substrates such as the bacterial cell wall component peptidoglycan or 
membrane polymers (Nagata & Kirchman, 1992, Nagata & Kirchman, 2000). Thus HNF 
function as predator and simultaneously shape the DOC pool.  
 The evidence of HNF egestion published in the 1990’s and early 2000’s (see also (Nagata 
& Kirchman, 1997) and references therein) largely escaped the attention of studies of the last 
decade, when research focused much more on e.g. genotypic and phenotypic successions or 
aggregation as a response to grazing (e.g. Hahn, et al., 2004, Corno, et al., 2008, Blom, et al., 
2010). Inspired by a shift in N-acetyl-glucosamine (NAG) uptake observed during the spring 
phytoplankton bloom (Article I) we formulated a hypothesis for a possible explanation of the 
success of ac1 and LD2 (Article II). Microbial NAG incorporation during the spring bloom 
2009 was first predominantly assigned to fast-growing CF and Beta; thereafter it shifted 
towards a dominance of ac1, in parallel to increasing HNF grazing pressure. Consequently we 
investigated whether ac1 and the protistan grazing-resistant filamentous LD2 bacteria might 
profit from NAG related to polymers that can be released through flagellate grazing, such as 
peptidoglycan (Nagata & Kirchman, 1992). Article II presents evidence obtained for a high 
uptake of NAG by these bacteria and a relationship of this uptake with the structural 
polymers peptidoglycan and chitin. Our data suggest that ac1 and LD2 profit from both, the 
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top-down and the bottom-up influence of HNF: firstly by the removal of competitors, and 
secondly by the supply of substrate. 
 We may speculate about the coexistence of ac1 and LD2. A recent study proposed that 
the coexistence of freshwater bacteria may also be mediated via partitioning of substrate 
niches (Salcher, et al., 2013). While compelling for many bacterioplankton taxa, the substrate 
uptake patterns of LD2 and ac1 do not seem to greatly differ: In Salcher et al. (2013) these 
two bacterial groups showed nearly identical preferences for 14 low molecular weight 
organic carbon substrates (with the exception of fructose which was only taken up by 
filamentous bacteria). Furthermore, their shared resistance to HNF grazing and the successful 
enrichment of both groups on the same organic carbon compounds (Article II) seem to 
suggest a considerable niche-overlap. Nevertheless, substantial co-occurring populations of 
LD2 and ac1 are commonly found in temperate lakes during late spring.  
 However, a closer look at their respective vernal population development in Lake Zurich 
reveals that ac1 usually formed major populations shortly before LD2 were detectable 
(Articles I&II), suggesting that these Actinobacteria may be faster in substrate acquisition than 
the filaments. In our enrichment experiments, LD2 usually persisted longer in the system than 
ac1 (Article II). Considering a “killing the winner” scenario (Thingstad & Lignell, 1997, Winter, 
et al., 2010), it is conceivable that ac1, which constituted more than 20% of the bacterial 
community, and had more than one order of magnitude higher cell densities than LD2, were 
more affected by viral infections. Very small bacteria commonly dominate the aquatic 
community (Posch, et al., 2009). Next to ac1, LD12 Alpha-Proteobacteria are the most 
abundant group of epilimnetic freshwater bacteria, and the pelagial of the ocean is 
dominated by their sister clade ‘Candidatus Pelagibacter ubique’ (Morris, et al., 2002, Salcher, 
et al., 2011). It has been shown that bacteria related to ‘Cand. P. ubique’ are highly affected 
by viral lysis (Zhao, et al., 2013). If the population of ac1 were also constrained in growth due 
to viral lysis, this would again release peptidoglycan that could, in turn, provide substrate for 
LD2 (Middelboe & Jørgensen, 2006). Thus it is conceivable that viral lysis might transiently 
promote the coexistence of the two grazing-resistant bacterial groups (Riemann & 
Middelboe, 2002). Similar thoughts have been suggested by Šimek and co-workers (Šimek, et 
al., 2007) to explain the success of another genus of filamentous pelagic bacteria 
(Flectobacillus sp.) that also seemed to particularly profit from high viral abundances. 
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 Despite similar mechanism have been illustrated in a model system (Middelboe, et al., 
2003), this explanation for the coexistence of ac1 and LD2 is highly speculative. It solely 
illustrates a possible scenario of mortality influencing bacterial populations from top-down as 
much as from bottom-up. It is important to keep in mind that in microbial systems mortality 
and food supply are very tightly linked, particularly in the case of viral lysis (Töpper, et al., 
2013). 
 
3  THE ROUTE OF A SUBSTRATE THROUGH THE MICROBIAL LOOP 
 The concept ‘microbial loop’ was established for marine bacterioplankton in the early 
1980’s (Azam, et al., 1983) and readily translates to freshwater ecosystems (Stockner & Porter, 
1988). In essence it states that OC produced by exudation and lysis of phytoplankton is not 
lost in the dissolved pool but taken up by bacterioplankton which are consumed by protists 
such as flagellates or ciliates. These organisms are in turn eaten by zooplankton species and 
thereby the OC is channelled back to the classical food chain, thus to higher organisms. 
 NAG is incorporated by various microbial populations (Articles I&II). Since these groups do 
not share the same causes of mortality it may be speculated that the route of the substrate 
through the food web is not the same at all times. Combining the observations of high NAG 
uptake by grazing-resistant bacteria (Article II) and the shift in NAG uptake throughout the 
course of the spring bloom determined in Article I, an interesting pattern of NAG transfer 
through the food web arises: NAG may be preliminarily incorporated by fast-growing Beta 
and CF, which are fed on by HNF (Fig 3A). Thus, in the first part of the spring phytoplankton 
bloom NAG is transferred from fast-growing bacteria, e.g. CF and Beta, to flagellates which 
are grazed upon by ciliates and zooplankton. This corresponds to the above described 
pathway of the microbial loop (Azam, et al., 1983).  
 Increased HNF abundances favour grazing-resistant bacteria, and flagellate egestion 
releases part of the incorporated NAG, which is taken up by ac1 and LD2. It is assumed that 
LD2 are mainly eaten by Daphnia spp. since their larger morphology allows being captured 
by the filter feeder (Pernthaler, et al., 2004, Schauer, et al., 2006). In this case the substrate re-
enters the classical food chain directly at the trophic level of zooplankton, thereby 
circumventing the trophic level of protists (Fig 3B). In our third study we labelled lake 
bacterial assemblages with NAG and Leucine and let Daphnia spp. from Lake Zurich feed on 
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them (Article III). We found that a higher percentage of NAG labelled bacteria was 
incorporated by daphnids compared to leucine, which may be due to the substrate uptake by 
filamentous bacteria.  
  
 As outlined above it is assumed that mortality of ac1 is mainly due to viral lysis 
(Weinbauer, et al., 2007). Thus the NAG incorporated by ac1 is to a great extend transferred 
back to the pool of dissolved or colloidal organic carbon after lysis of the cells (Fig 3B). An 
important part of the microbial loop concept is that DOC is transferred to higher trophic 
levels though the uptake of bacteria, which is not the case for ac1. The role of ac1 is rather 
related to the viral shunt, where nutrients and OC are regenerated by viral lysis (Weinbauer, 
2004). However, it has to be considered that every time carbon is sequestered into biomass 
part of it escapes the system through respiration (Pollard & Ducklow, 2011). A similar 
 
 
Fig 3 The transfer of N-acetyl-glucosamine (NAG) through the food web (based on Articles I & II ). (A) NAG 
derives from phytoplankton exudation and is primarily incorporated by CF and Beta, which are eaten by 
HNF that are taken up by daphnids. (B) NAG derives from Phytoplankton and HNF egestion. It is 
incorporated by filamentous LD2 and small ac1. LD2 are grazed on by daphnids, whereas ac1 are lysed by 
viruses, thus the NAG returns to the pool of available substrate for heterotrophy.  
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scenario may apply for the above mentioned marine bacteria related to ‘Candidatus 
Pelagibacter ubique’, which seem to be highly affected by viruses (Zhao, et al., 2013). 
Therefore, the activity of ultramicrobacteria in the end may be a loss of energy for the 
ecosystem, and thus constitutes rather a sink than a link (Sherr, et al., 1987) 
 The microbial loop has its name because it is attached to the classical food chain (Porter, 
et al., 1988). However, considering biomass and energy turnover aspects of microbes 
compared to higher organisms, the classical food chain might be considered an appendage 
to the microbial trophic interactions (Pomeroy, et al., 2007). Therein, however, the classical 
food chain seems to be only connected with some of the bacterial phylotypes and even 
dominant bacterial taxa, such as the ac1 or ‘Cand. P. ubique’, may not directly form part of 
the microbial loop, since their biomass is short-circuited through viral lysis (Pollard & 
Ducklow, 2011). 
4  INCLUDING EPIBIONTS INTO FOOD WEBS  
 Food webs are often depicted as networks, which are defined by nodes and their 
connections, where the nodes correspond to organismic groups, e.g. species, and the 
connections to the various interactions between them3. The structure of a food web 
determines the flow of matter, such as organic compounds, and its stability. For the 
understanding of the functioning of a food web species identity may be one important 
factor, the interaction, however, usually determines fluxes within the ecosystem. Thus detailed 
knowledge of interactions determines our possibility to forecast the impact of changes on 
the community.  
 Traditionally food web studies centre on trophic interaction, such as predation (Pimm, 
1982, May, 1983, Petchey & Dunne, 2012, Thompson, et al., 2012). This neglects many forms 
of species associations such as parasitism, and interactions which in bulk may be termed non-
trophic (Kéfi, et al., 2012, Sukhdeo, 2012), that in pelagic aquatic systems include, but are not 
limited to: symbiosis, co-aggregation, and epibiosis (e.g. Threlkeld & Willey, 1993, Simon, et 
al., 2002, Corno, et al., 2012). 
 Our third study explored the hypothesis that metabolically active bacteria attached to the 
surfaces of aquatic zooplankton might form a short-cut for DOC transfer in freshwater food  
------------------------ 
3 Stuart Pimm terms such food web depictions ‘caricature of nature ‘, he however concludes that; ‘Like any caricature 
though their representation of nature is distorted, there is enough truth to permit a study of some of the features they 
represent.’ (Pimm, Food Webs, 1982) 
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webs, since their biomass is directly 
transmitted to the next trophic level 
when their host is consumed (Article III). 
We analysed the uptake of model DOC 
compounds by the bacterial epibionts 
on Daphnia spp. both in cultures and in 
field samples. We found that a 
substantial amount of these 
compounds was incorporated by the 
epibiotic microbes. We furthermore 
identified an important epibiotic 
bacterial population on the filtration 
combs of the daphnids, where a 
constant supply of fresh water is 
guaranteed by the filtration activity of 
the animals. A major proportion of 
these bacteria were affiliated with Lhb 
and targeted by the probe R-Bt065 (see 
also Chapter 1). It has been repeatedly 
argued by ecologists that the discovery 
of such non-trophic interactions is a 
crucial next step for the understanding of natural freshwater systems (Tang, et al., 2010, Kéfi, 
et al., 2012, Mougi & Kondoh, 2012).  
 Most efforts to include non-traditional interactions into food web studies are taken in 
parasite ecology (Decaestecker, et al., 2005, Lafferty, et al., 2006). Amudsen et al. (2009) have 
constructed two food webs from a subarctic lake with and without parasites (Fig 4). Including 
parasites has led to a large increase of connectivity of the food web, a measure to evaluate 
how many of all possible connection between organisms are in fact realised. Thus parasites 
play an important role in shaping the food web. The network presented by the authors as 
well as other pioneer studies on parasites in food webs is, however, still based on predator 
prey relations, where parasites are handled as predators. Sukhdeo (2012) has recently argued 
that this may not be the appropriate approach to investigate these interactions. For example, 
 
Fig 4 Representation of the trophic interactions in an artic 
lake food web of Birds (Bi), Fish (Fi), Copepods (Co), 
Rotifers (Ro), Cladocerans (Cl) and Phytoplankton (Ph) (a) 
without (black lines) and (b) including parasites (PA, red 
lines). Copied from Fig 1 Amudsen et al. (2009). 
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parasites cannot be considered a separate trophic level, since they gain their energy from the 
primary host, and thereby weaken the host. However, they also have a number of 
intermediate hosts which they do not necessarily influence negatively. Sukehdeo (2012) 
argues that a good starting point to include parasites more accurately in food webs may be 
to investigate their energetics and influence of parasites on the energy flow through the web, 
rather than just predator-prey interactions of different trophic levels. In fact, energetics is a 
classical topic of food web theory: Earliest studies have tried to elucidate the efficiency of 
energy transfer from one trophic level to the other, and came up with the rule of 10, which 
states, that only 10% of energy from a given trophic level is transferred to the next one 
(Lindeman, 1942). Interestingly, despite the simplification and the age of this theory it in fact 
still holds true for the majority of ecosystems, and it seems that even many parasitic 
nematodes may more or less show this efficiency when infecting a host (Sukhdeo, 2012). 
 The argument of using energetics may even weigh stronger when considering epibionts, 
since compared to parasites, the energy of epibionts may be completely uncoupled from the 
host. Using the example of Daphnia and two of its epibionts, I would like to illustrate the 
importance of including energetics in the case of epibiosis. Next to bacterial epibionts, such 
as Lhb, it has long been known that Daphnia spp. are often colonised by eukaryotic 
organisms such as flagellates or ciliates of the group Peritrichia (Threlkeld, et al., 1993). 
Peritrichs are mostly sessile ciliate species on a contractile stalk but they can temporarily also 
live in planktonic form. Their main diet is comprised by bacteria which are transported into 
their mouth cavity by the movements of their cilia (Foissner, 1992). Thirty-nine species of 
Peritrichia are known to be epibionts of cladocerans (Chatterjee, et al., 2013). On Daphnia 
spp. most studies have been carried out with members of the genus Vorticella, which were 
found on almost 50% of D. magna when natural populations were analysed (Decaestecker, et 
al., 2005).  
 In the classical food web matrix every organism that feeds on another one is given a value 
of 1, whereas not feeding is valued 0. Thus a classical food web matrix containing a fish, 
daphnids, peritrichs, Lhb bacteria, algae and DOC as a food source for bacteria would be 
composed as in Figure 5A. A food web is then constructed where an interaction is drawn if 
there is predation between the two organisms (Fig 5B). Thus fish feed on daphnids that feed 
on protists and algae, and the latter provide DOC for bacteria that are incorporated by 
protists (Fig 5B). If, however, epibionts are considered the scheme changes: It is conceivable 
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that when a fish feeds on a daphnid it automatically also ingests the Peritrichia and Lhb 
bacteria attached to the organism (Fig 5C). Thus the fish does not feed on a single organism 
but on an aggregate of species, traditionally considered separated trophic levels. 
Nevertheless, all of these species may contribute to the maintenance of the fish’s biomass. 
Our results show that the direct transfer of DOC to zooplankton via their epibiotic bacteria 
may be orders of magnitude higher than via the classical microbial food web, since no energy 
is lost during the passage through intermediate trophic levels (Fig 5D). Thus, the transfer of 
DOC to fish is much more efficient via epibionts. 
 Secondly, next to hidden trophic interactions, attached organisms also influence the 
energetics of the host and vice versa. For example, a high number of large epibionts, such as 
Peritrichia, can have a negative effect on the daphnids, for example faster sinking rates and 
higher energy demand for swimming (Henebry & Ridgeway, 1979). On the other hand, 
attachment seems to be beneficial to the stalked ciliates, since they have higher feeding rates 
when on zooplankton (Bickel, et al., 2012). Bacteria may benefit from zooplankton as a refuge 
from threads such as grazing and abiotic stressors (Tang, et al., 2010, Tang, et al., 2011), or 
use zooplankton as means of transport from deeper to upper lake layers (Grossart, et al., 
2010). These bacteria may save energy in motility, however they also feed on two DOC pools 
that, due to lake stratification, are separated throughout a long time of the year, and belong 
to different basic food webs. Moreover attached bacteria may also directly profit from sloppy 
feeding of the crustacean, due to their vicinity to the mouth (Carman & Dobbs, 1997). 
 These ideas are not limited to Daphnia spp. epibionts, they also expand to many other 
zooplankton species in freshwaters (Grossart, et al., 2009) as well as marine environments  
(Huq, et al., 1983, Carman & Dobbs, 1997). Furthermore bacteria also attach to other 
organismic groups such as phytoplankton (Eigemann, et al., 2013), and there are also indirect 
interactions such as free-living bacteria that promote the growth of algae (Grossart, 1999, 
Grossart, et al., 2005). 
 As mentioned above, energetics was taken as a very early factor for the analysis of food 
webs. In his classic book ‘food webs’ Pimm (1982) suggested that energetics is not the right 
measure to evaluate these systems, since environmental data did not support the 
assumption. His main argument was that if energetics was the most important factor shaping 
a food web, more trophic levels should be observed in more productive regions (e.g. 
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eutrophic vs. oligotrophic lakes). According to the author, food chains rarely increased in 
length with  
increasing productivity in natural systems. However it has to be considered that many 
interactions were not known or not considered at the time, and as outlined above, many 
trophic levels may be aggregated and evaluated as a single entity. Thus with the awareness 
of these interactions the evaluations of the system may markedly differ. These findings have 
the potential to change our perception of carbon transfer within freshwater ecosystems.  
 
Fig 5 (A) Classical predator-prey matrix for whitefish, Daphnia, Peritrichia, Phytoplankton, Lhb and DOC and 
(B) the resulting food web. (C) Food web connection of Daphnia, epibionts and fish. (D) Example of the 
percentage of leucine transferred in 1L of lake water to fish via epibionts (dark red arrows) and the classical 
food web (blue arrows), when assuming a 10% efficiency of every trophic level (see Article III). 
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5  How the choice of method affects the outcome of a study 
 The successions described in Article I were determined using fluorescence in situ 
hybridisation (CARD-FISH). This method allows staining cells of a certain phylogenetic group 
using oligonucleotide probes with a signature sequence of a specific phylogenetic cluster. In 
this last section of the thesis I wish to show that the outcome of the study of spring bloom 
succession may have been cosiderably different if we had chosen another method for the 
evaluation of the bacterial community. 
 When using FISH, samples are assessed with a microscope, thus labelled cells are counted 
directly. This allows observing morphologies and directly determining counts of a specific 
phylogenetic group. The resolution of the phylogenetic analysis, however, is directly 
dependent on the possibility of distinguishing a group via their 16S rRNA sequence. If the 
targeted sequence region is too variable or too similar to other organismic groups, no probe 
can be constructed and the cluster will remain unstudied. In many cases a probe for a 
broader phylogenetic cluster may be designed that includes multiple phylogenetic lines. This 
can be problematic since taxa within the broader phylogenetic lineages may behave 
differently (Salcher, et al., 2008, Salcher, et al., 2013). Thus information about successions or 
physiology may be lost.  
 Alternatively sequencing methods may be used to evaluate the diversity of bacteria. In this 
case DNA is extracted from the bulk community and 16SrDNA sequences are PCR amplified 
and elucidated using one of various next-generation sequencing approaches (e.g. Illumina, 
454-sequencing) (Eiler, et al., 2011, Shokralla, et al., 2012). For the spring bloom analysis 454 
sequencing was conducted in parallel to FISH by cooperation partners (unpublished data 
kindly provided by Stefan Bertilsson). 
 Figure 6 depicts the relative abundance of two bacterial taxa firstly analysed with 454 
pyrosequencing and secondly analysed by FISH. The upper panel shows the abundance of 
LD12 of Alpha-Proteobacteria assessed with both methods. LD12 were the most abundant 
bacterial phyla in the 454-analysis, where they comprised up to 20% of all prokaryotes, 
whereas in FISH they only represented 4%. Moreover, the temporal dynamics differ 
profoundly between the approaches, e.g. on April 24th LD12 had a maximum in the 454 
analysis and a minimum in FISH. FISH analysis generally suggests that these bacteria rather 
have maxima in summer (Salcher, et al., 2011). The contracdictory temporal patterns are even 
more visible in the analysis of ac1 (Fig 6, lower panel). These bacteria constituted a mayor  
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 fraction of the bacteria analyzed by FISH during times of elevated chlorophyll a. In contrast 
they were of minor importance within the 454 reads between April 4th and 20th. 454 
Pyrosequencing is usually not claimed to be a quantitative measure of analysis, due to the 
bias induced during PCR amplification, DNA extraction, and different 16S rRNA gene copy 
numbers (Farrelly, et al., 1995, Wintzingerode, et al., 1997, Frostegard, et al., 1999). However, 
many authors do correlate relative 454 abundances with other parameters, to explain factors 
influencing the dynamics of the populations (Eiler, et al., 2011). It is obvious that 454 and 
FISH data would deliver very different correlation patterns because of their profoundly 
different dynamics.  
 On the other hand it is clear that the group analysed as ac1 in FISH is actually comprised 
by a variety of separate taxa (Fig 6, lower panel). Thus certain patterns assigned to ac1 as a 
total group may in fact only be assigned to a part of the population, or are only visible due to 
a community shift within the ac1. Thus, every method is accompanied by specific draw-backs 
that need to be taken into account by the researcher. 
 
 
Fig 6 Comparison of 
abundance and 
diversity data 
determined with 454 
pyrosequencing and 
FISH. Upper panel: 
Abundance of LD12, 
Lower panel: 
abundance of ac1 
Actinobacteria. 
FISH: ac1: Article I, 
LD12: unpublished 
data, 454 data: S. 
Bertilsson 
unpublished. 
Sampling dates with 
less than 600 
sequencing reads 
were omitted from 
the analysis 
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 In science there is still the claim of objectivity of the data. Examples such as the above-
mentioned, however, clearly illustrate that we take decisions as scientist that influence the 
outcome of our studies, such as the choice of methods. This discussion has a long tradition in 
humanities (e.g. Ebeling & Schmitz, 2006), whereas the dispute hardly takes place among 
natural scientists. To my opinion, awareness of this fact is not a weakness of the scientific 
mind, since questioning everything has often pathed the way to new discoveries. 
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Fig. S1. Phylogenetic positioning of the 16S rRNA sequences of the family 
Cyclobacteriaceae, sequences marked by an asterisk are not hybridized by the probe 
Cyc715. Nodes with values < 50% of bootstrap support (100 maximum likelihood trees) were 






Fig. S2. Phylogenetic positioning of the 16 rRNA sequences of the baVI cluster. Asterisks 
denote sequences that are not targeted by the newly developed probe BaVI-C-663. Nodes 
with values < 50% of bootstrap support (100 maximum likelihood trees) were collapsed into 
multifurcations. The scale bar represents 10% estimated sequence divergence. 
  
  Article I 
49 
Table S1. Dates, sampling depth, temperature and concentrations of dissolved PO4 and 















13.03.09 6 4 29.7 3.1 
18.03.09 5 4.8 25.2 2.8 
23.03.09 5.5 4.8 24.5 2.8 
30.03.09 4 4.8 29.4 2.9 
03.04.09 3.5 4.8 27.4 2.8 
07.04.09 3 7.8 9.2 2.6 
09.04.09 2 9 3.5 1.8 
14.04.09 3 9.8 3.6 2.2 
15.04.09 4.5 11 3 2 
17.04.09 3 7.7 2.5 2.1 
20.04.09 6.5 7.9 1.5 2.4 
22.04.09 6.5 9.5 4 1.9 
24.04.09 5 10 3.2 1.8 
28.04.09 6.5 9 3.4 2.1 
30.04.09 10 8.5 2.4 2.2 
04.05.09 6.5 8 2 2.2 
06.05.09 12 8 4.9 2.2 
12.05.09 14 8 4.7 2.4 
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Tab. S2 Percentages of the probes HGC69a (Act), BET42a (Beta), CF319a (CF) and Cyc715 (Cyc) 
to the active community taking up N-Acetyl-Glucosamine (NAG) and Leucine as determined by MAR-
FISH. The four periods that were pooled for the data analysis are highlighted with grey and white 




































03.04.09 4 18 51 60 40 10 5 5 
07.04.09 3 15 48 36 41 9 5 6 
09.04.09 5 48 57 41 43 7 6 7 
14.04.09 41 44 17 30 9 5 2 2 
15.04.09 50 38 12 25 9 5 4 4 
17.04.09 61 45 17 34 23 10 4 3 
20.04.09 6 32 8 58 7 7 11 2 
22.04.09 20 66 9 21 3 5 7 3 
24.04.09 22 39 17 34 11 6 16 5 
28.04.09 4 44 40 34 7 9 18 6 
30.04.09 24 49 8 34 1 6 20 7 
04.05.09 25 20 12 38 17 9 4 3 
06.05.09 61 56 8 35 13 6 18 2 
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Abstract  19 
The identification of interacting species and elucidation of their mode of interaction 20 
may be crucial to understand ecosystem-level processes. We analysed the activity 21 
and identity of bacterial epibionts in cultures of Daphnia galeata and of natural 22 
daphnid populations. Epibiotic bacteria incorporated considerable amounts of 23 
dissolved organic carbon (DOC), as estimated via uptake of tritiated Leucine: three 24 
times more tracer was consumed by microbes on a single Daphnia than in a mL of 25 
lake water. However, there was virtually no incorporation if daphnids were 26 
anesthetized, suggesting that their filtration activity was essential for this process. 27 
Microbial DOC uptake could predominantly be assigned to microbes that were 28 
located on the filter combs of daphnids, where the passage of water would ensure a 29 
continuously high DOC supply. Most of these bacteria were Betaproteobacteria from 30 
the genus Limnohabitans. Specifically, we identified a monophyletic cluster 31 
harbouring L. planktonicus that encompassed sequence types from D. galeata 32 
cultures, from the gut of D. magna, and from daphnids of Lake Zurich. Our results 33 
suggest that the epibiotic growth of bacteria related to Limnohabitans on Daphnia 34 
spp. may be a widespread and rather common phenomenon. Moreover, most of the 35 
observed DOC flux to Daphnia in fact does not seem to be associated with the 36 
crustacean biomass itself but with its epibiotic microflora. The unexplored physical 37 
association of daphnids with heterotrophic bacteria may have considerable 38 
implications for our understanding of carbon transfer in freshwater food webs, i.e., a 39 
trophic ‘shortcut’ between microbial DOC uptake and predation by fish. 40 
41 
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Introduction 42 
In order to accurately estimate element fluxes or predict ecosystem responses 43 
it is essential to understand food web architecture (1). Unexplored trophic links may 44 
considerably alter food web structure, and can, once investigated, substantially 45 
change our understanding of ecosystem carbon metabolism (2, 3). Therefore, 46 
interacting species and their mode of interaction need to be identified for more 47 
accurate assumptions about ecosystem functionality and stability (4). 48 
The lack of information about the physical interactions between heterotrophic 49 
bacteria and zooplankton, such as the crustacean genus Daphnia, may neglect an 50 
important aspect of freshwater food webs (5). Indeed, little is known about the 51 
microbial communities associated with healthy Daphnia, as opposed to the plethora 52 
of research about the respective roles of either bacterio- or zooplankton within 53 
aquatic food webs, or about microbial parasites of Daphnia (e.g. (6-8)). Recent 54 
studies, however, point to other system-relevant associations between bacteria and 55 
Daphnia, e.g. the transfer of microbes from lower to higher water layers via 56 
attachment-detachment processes (9). The gut microflora of Daphnia magna was 57 
reported to be dominated by members of the genus Limnohabitans (10), i.e., by 58 
common inhabitants of the pelagic zone of freshwater epilimnia (11) that typically co-59 
occur with phytoplankton (12). High bacterial diversity, including phylotypes related to 60 
Limnohabitans, was also found when analysing prokaryotic sequences from 61 
metagenomic data of Daphnia spp. (13). 62 
While algae are generally regarded as the main food for daphnids, 63 
heterotrophic bacteria are considered less important (14-16). However, some 64 
bacteria, notably filamentous morphotypes, are also consumed by Daphnia sp., 65 
which in turn may directly affect bacterial community structure at least during 66 
particular seasons (17-19). In addition, it is conceivable that the associations of 67 
zooplankton with heterotrophic bacteria may also have substantial implications for 68 
biogeochemical processes such as the transfer of carbon through the food web: 69 
while daphnids feed on organic carbon from the particulate fraction (20), the attached 70 
bacteria would likely consume dissolved organic carbon (DOC). Apart from a single 71 
more recent report (21), uptake of DOC by Daphnia (or by their epibionts) has been 72 
addressed by studies dating from the beginning of the last century (e.g., (22, 23)). 73 
This largely unexplored trophic link might, however, be of great relevance for lake 74 
carbon cycling, e.g., in the context of the much debated question to which extend 75 
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internal primary production or terrestrial carbon sources support freshwater 76 
ecosystems (e.g. (24-26)). In such studies the biomass of homogenised daphnids is 77 
proportionally assigned to allochthonous or autochthonous sources -by analysis of 78 
the isotopic ratios of carbon atoms- in order to model the fluxes of organic carbon 79 
through the food web. The zooplankton epibionts are considered as part of the 80 
Daphnia biomass; however, their specific metabolic abilities (i.e, consumption of 81 
DOC) might considerably affect the interpretation of such assessments. 82 
We studied the uptake of dissolved leucine by Daphnia galeata or their 83 
epibionts to gain first insight into the importance of this trophic link, and we compared 84 
it to their ingestion of leucine incorporating planktonic microbes. Furthermore, we 85 
localised and identified a prominent genus of microbial epibionts responsible for this 86 
uptake on cultured D. galeata as well as on daphnids from mixed natural populations 87 
in a lake (Lake Zurich, Switzerland). Using leucine and N-acetyl-D-glucosamine 88 
(NAG) as model substrates we then assessed the metabolic activity of Daphnia 89 
epibionts in Lake Zurich. 90 
91 
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Results & Discussion 92 
Uptake of dissolved leucine by epibionts of Daphnia galeata 93 
We labelled a natural microbial community with tritiated leucine (Leu), and let D. 94 
galeata feed on it for 1h (experimental setup: Fig 1). The amount of radiolabel in D. 95 
galeata due to their incorporation of both, dissolved Leu and microbes (Raw water-96 
treatment [Rw], Fig 1) was compared to the uptake of dissolved Leu only, in a 97 
treatment where daphnids were placed into the sample after removing the labelled 98 
microbial cells by filtration (treatment Filtrate [F], Fig 1). The amount incorporated by 99 
additionally feeding on microorganisms did not significantly exceed the uptake of 100 
substrate from the dissolved fraction only (Fig 2), indicating that Leu-incorporating 101 
heterotrophic microbes were of minor importance as a food source for daphnids (14-102 
16). Substantial amounts of radioactivity were detected in daphnids maintained on 103 
the filtrate, suggesting uptake of dissolved substrate by the animals (Fig 2): Free 104 
living bacteria in 1 mL of water incorporated 0.1 ± 0.04 pmol Leu h-1 whereas three 105 
times higher uptake rates (0.3 ± 0.04 pmol h-1) were observed per individual daphnid 106 
(Fig 2). The level of incorporation of dissolved Leu in this study far exceeds the 107 
previously reported uptake of custom labelled algal exudates by daphnids (21). This 108 
might be ascribed to methodological issues, e.g., a low labelling efficiency of the 109 
exudates. 110 
To further explore the notion that Leu was readily taken up by epibiotic 111 
bacteria, labelled D. galeata individuals were dissected and the separated pieces 112 
were overlaid with a photographic emulsion, to microscopically localise the deposition 113 
of radioactivity on the animal and in bacterial cells by microautoradiography (MAR) 114 
and fluorescence in situ hybridization (FISH) (27). Strongest labelling was detected 115 
around the trunk limbs; particularly on the setae and appendages of trunk limbs 3 116 
and 4 (TL3&4, Fig 3). Most uptake on these body surfaces could be assigned to 117 
single bacterial cells (Fig 3). The setae and setula of trunk limb 3 and 4 serve as food 118 
capturing filter sieves (e.g.(28)), and daphnids incessantly filter water through these 119 
structures. Besides protecting from protistan grazers and abiotic stressors (5, 29), a 120 
steady supply of organic carbon and nutrients may render the filter apparatus an 121 
ideal habitat for epibiotic bacteria. This interpretation is further supported by our 122 
finding that almost no label was incorporated when daphnids were anesthetised 123 
before being placed in the filtrate (treatment Anesthetised [A], Fig 1). Thus, active 124 
filtration by the animals seemed to be a prerequisite for substrate uptake by the 125 
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epibionts. Furthermore, the proportions of incorporated radioactivity in the external 126 
body parts of dissected daphnids were between 4 and >80 times higher (mean, 29.5) 127 
then in the colons. Epibiotic bacteria have also been described from the feeding 128 
appendages of marine copepods, as well as on setae of other crustaceans such as 129 
the deep sea Yeti crab, Kiwa hirsuta (30, 31). It should be noted that approximately 130 
20% of the filter combs in 20 analysed daphnids were nearly uncolonized by bacteria. 131 
This might be due to moulting processes, which have been shown to reduce the 132 
parasite loads on daphnids (32) and thus likely also affect the densities of other 133 
epibionts.  134 
 135 
Active epibionts affiliated with Limnohabitans  136 
Previous studies centred on the identity of Daphnia associated microbes hint 137 
at the importance of Betaproteobacteria, in particular of bacteria related to the genus 138 
Limnohabitans (10, 13, 33). Therefore, we performed FISH on dissected individuals 139 
of D. galeata, using an oligonucleotide probe for a phylogenetic cluster (Lhb) that 140 
includes the type strains L. planktonicus and L. parvus (34). A large proportion of the 141 
epibionts on the D. galeata filtration apparatus were affiliated with Lhb (Fig 3), 142 
whereas <0.5% of cells in the surrounding cultivation water were hybridised with this 143 
probe. Most of the epibiotic Lhb bacteria showed visible incorporation of Leu (Fig 3), 144 
as detected by MAR-FISH (27). Planktonic Limnohabitans spp. are known to readily 145 
incorporate this substrate (35, 36). Cultures of L. planktonicus have, moreover, been 146 
shown to profit from the presence of algae, which has been ascribed to their 147 
utilization of algal exudates (12). In addition to the advantageous supply of such fresh 148 
DOC to Limnohabitans spp. on Daphnia filtration combs by the filtration activity itself, 149 
it is also conceivable that these bacteria might further profit from the products of 150 
‘sloppy feeding’, i.e. organic compounds released by the physical breaking of algal 151 
cells (e.g., amino acids (37)).  152 
FISH on segments of various dissected daphnids from Lake Zurich confirmed 153 
the presence of epibiotic Lhb bacteria on natural zooplankton populations (Fig. 3). 154 
While only up to 3% of the heterotrophic bacteria in lake water were affiliated with 155 
Lhb (Fig 4), filter combs of daphnids were typically covered by bacteria from this 156 
genus that were, moreover, visibly incorporating Leu. In addition, there were clear 157 
morphological differences between planktonic Lhb and those associated with 158 
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daphnids, e.g., only the latter formed filamentous morphotypes (Fig 3). Similar to 159 
observations in cultures of D. galeata, some filtration combs of daphnids in Lake 160 
Zurich were also virtually free of bacteria (in 3 out of 17 analysed individuals). In 161 
addition, other, unidentified bacteria were occasionally found to dominate on the filter 162 
seata (Fig 3). 163 
 164 
Indications for a core group of epibiontic Limnohabitans sp. 165 
To investigate the phylogenetic relationship of Lhb bacteria on daphnids from 166 
various sources we constructed 16S ribosomal DNA clone libraries using the 167 
sequence of the Lhb probe as a forward primer together with a general bacterial 168 
primer. By this we identified bacteria associated with D. galeata and Lake Zurich 169 
daphnids as well as from the respective surrounding water.  170 
No sequence obtained from the cultivation water of D. galeata were from the 171 
genus Limnohabitans. In contrast, Lhb sequences were obtained from water samples 172 
of Lake Zurich. These sequences were, however, considerably different from the 173 
ones retrieved from daphnids (Fig S1). These findings indicate a degree of specificity 174 
of the associations between Lhb bacteria and their host (38).  175 
Highest similarity was detected between Lhb phylotypes retrieved from 176 
daphnids from Lake Zurich and from the cultured D. galeata (Fig S1). The sequences 177 
clustered in two shared operational taxonomic units (OTUs, 99% identity level), as 178 
well as forming one specific OTU per source population. One of the shared clusters 179 
also included sequences retrieved from the digestive tract of D. magna (10) and the 180 
type strain L. planktonicus (Fig S1 (39)). It thus seems that there are core phylotypes 181 
closely affiliated with L. planktonicus that are commonly associated with different 182 
species of daphnids from various habitats, as well as a more variable set of other 183 
microbiota (9). L. planktonicus was originally isolated from pelagic samples of a 184 
freshwater reservoir (40). Subsequent analysis, however, revealed, that this species 185 
is not common in the pelagic zone of lacustrine waters (41). It is thus possible that 186 
these bacteria in fact predominately inhabit an epibiotic niche. Epibiosis may 187 
however not be the exclusive place of occurrence for a particular genotype: The 188 
human pathogen Vibrio cholera is present in high abundances in the mouth area of 189 
marine copepods, but these bacteria are also found free living in costal marine 190 
waters, albeit at low densities (42-44). Thus, V. cholera may be part of the ‘rare 191 
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biosphere’ within pelagic communities while abundant on zooplankton. A similar 192 
occurrence pattern might be hypothesized for bacteria related to L. planktonicus. 193 
Interestingly, closely related Lhb genotypes were found on the filtration combs 194 
of D. galeata and in the D. magna digestive tract. A possible explanation lies in the 195 
feeding physiology of Daphnia, i.e. part of the Lhb population on the filtration 196 
apparatus might be ingested and transported into the digestive system. Freshwater 197 
bacteria have been observed to pass the gut of daphnids alive (45). Whether or not 198 
Lhb bacteria play a role in the digestion processes within the colon of the animals 199 
remains to be explored, as well as the mode of interaction between the Daphnids and 200 
Lhb-epibionts on the filter combs. It should be emphasized that dead D. galeata were 201 
never found to be inhabited by Lhb bacteria (n=6 inspected individuals), as has 202 
already been observed for Daphnia magna (10). This may indicate that the 203 
interaction between Lhb bacteria and the animals is not of a pathogenic nature. 204 
 205 
Activity of Daphnia epibionts in Lake Zurich: implication for food webs 206 
In order to assess the in situ relevance of DOC uptake by daphnids (or their 207 
epibionts, respectively) we sampled Lake Zurich throughout April and May, starting at 208 
the onset of the clear water phase after the spring phytoplankton bloom. Daphnia 209 
reached abundances of up to 13 adult and 28 juvenile individuals l-1 (Fig 4), and were 210 
dominated by members of the D. longispina species complex (D. galeata, cucullata, 211 
longispina, and hybrids; data: water supply Zurich). The uptake of dissolved Leu by 212 
daphnids and by bacterioplankton was determined on four dates (Fig 4 & 5). These 213 
experiments were in principle designed as described for the D. galeata cultures, with 214 
minor modifications (see Fig S2 and below). On three of the four dates we 215 
additionally tested for uptake of N-acetylglucosamine (NAG) (Fig 5), a substrate that 216 
is not incorporated by Lhb (46). High uptake rates of both, dissolved Leu and NAG 217 
were detected, albeit with large variations between dates (Fig 5). Interestingly, the 218 
proportional amount of NAG taken up by the daphnids via consumption of labelled 219 
bacteria (normalized to the labelled bacterioplankton community, i.e., (Rw-F)/B) was 220 
consistently higher by about fivefold then of Leu, indicating that Daphnia 221 
preferentially fed on NAG- rather than Leu-incorporating bacteria. This might be 222 
explained by the high NAG uptake rates of large filamentous bacteria that are more 223 
likely to be grazed by daphnids than, e.g. small rod-shaped cells specialized for Leu 224 
incorporation (17, 18, 47, 48). Alternatively, there might be NAG uptake by some 225 
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phytoplankton species that are consumed by daphnids (49). Thus the transfer mode 226 
of DOC to daphnids may in fact differ for individual organic compounds: While the 227 
direct incorporation of heterotrophic bacteria seemed unimportant for Leu uptake of 228 
zooplankton, their foraging on NAG-labelled microbes was of greater relevance. 229 
The observed uptake of both, NAG and Leu by daphnids incubated in 230 
bacteria-free filtrates is evidence for a high, temporarily variable DOC incorporation in 231 
situ, likely mediated via the attached bacterial flora. This is suggested by the high 232 
proportion of tracer incorporation on the external body surfaces, as compared to the 233 
digestive tract. If extrapolated to the total daphnid population in lake water, the 234 
incorporation amounted to up to 8% of the Leu and nearly 10% of the NAG uptake by 235 
the bacterioplankton. While this proportion may seem small at a first glance, such 236 
direct transfer of low molecular weight DOC to zooplankton may nevertheless be of 237 
considerable importance. The positive effect of Daphnia on the size of fish 238 
populations in lakes is mainly attributed to the fact that Daphnia feed on primary 239 
producers and are in turn consumed by fish i.e. the cascade algae-daphnia-fish is 240 
considered to be highly efficient because of its shortness (50, 51). Similarly, the 241 
prokaryotic epibionts on daphnids may form a more direct link between microbial 242 
DOC uptake and fish predation. Such a shortcut would circumvent the passage of 243 
substrates through intermediate levels of the microbial food web (heterotrophic nano-244 
flagellates, ciliates), thereby avoiding the significant respiration losses associated 245 
with these trophic transition (50, 52). This suggests that zooplankton epibionts such 246 
as Limnohabitans sp. might play a disproportionally important role for the transfer of 247 
DOC from both, autochthonous and terrestrial sources to the top trophic levels in 248 




Materials and Methods 251 
Sampling and sample preparation 252 
Lake Zurich was sampled weekly at around 10 am between April 26 and May 24 253 
2012 (coordinates 47°31’ N, 8°58’ E). Chlorophyll a and temperature were measured 254 
using a multiple-wavelength probe (TS-16–12 fluoroprobe, bbe Moldaenke GmbH, 255 
Kronshagen, Germany) and a multi-parameter probe (6600 multi-parameter, water 256 
quality monitoring, YSI incorp., Yellow Springs, OH, USA), respectively. The sample 257 
taken on April 26 was from the depth of maximum Chl a (8m), while later samples 258 
were collected from 5m depth because of the onset of the clear water phase (Fig 4). 259 
Zooplankton was collected using a Ruttner sampler, concentrated with a 40µm net 260 
from a volume of 5L and directly fixed with formaldehyde (FA, final concentration, 261 
4%) for determination of abundances. Live daphnids were collected using the same 262 
device and transported to the laboratory in a clean jar. A third set of daphnids were 263 
immediately anaesthetised with carbon dioxide enriched water for later experiments. 264 
The daphnids were kept in a laboratory incubator at in situ temperature for a 265 
maximum of 3h prior to the experiments.  266 
Fifty mL of lake water were fixed with FA (final concentration, 1%) for the 267 
analysis of total bacterial abundances and the proportions of Lhb bacteria. 268 
Subsamples of 4mL were filtered onto white polycarbonate membrane filters (type 269 
GTTP, 45 mm diameter, 0.2 mm pore size, Millipore, Billerica, MA, USA) for the 270 
counting of Lhb bacteria. The remaining sample was stored at 4°C for flow cytometric 271 
determination of total cell numbers.  272 
Tracer Experiments   273 
In Experiment I (Fig 1) Daphnia galeata females were kept in sterile (0.2µm 274 
prefiltered and autoclaved) lake water (sLW) and fed with Scenedesmus subspicatus 275 
approximately every second day. Adult individuals were washed three times with 276 
sLW, and 6 sets of 4 individuals were transferred to 5mL Erlenmeyer flasks 277 
containing 1mL of sLW. Twelve additional individuals were anaesthetised in 278 
commercial carbon dioxide enriched water, washed twice in sLW and 3 sets of 4 279 
individuals were placed in 5mL Erlenmeyer flasks containing 1mL of sLW. Daphnids 280 
were acclimatised for 1h in the dark at 20°C before tracer addition.  281 
Nine sets of 30µm prefiltered lake water (1mL each) were incubated for 1h 282 
with 10nM of tritium labelled Leu (specific activity: 120 Ci mmol-1) or NAG (specific 283 
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activity: 60 Ci mmol-1, American Radiolabeled Chemicals, Inc., St. Louis, Mo, USA) to 284 
label the microbial community. The labelled communities were then distributed to 285 
triplicate Erlenmeyer flasks containing live daphnids (treatment Rw) or anesthetised 286 
daphnids (treatment A), respectively. The third set of labelled microbial communities 287 
was filtered onto nitrocellulose membrane filters (type GSWP, 45 mm diameter, 288 
0.22µm pore size, Millipore, Billerica, MA, USA) to determine microbial incorporation 289 
of the tracer. The filtrate was also collected and added to triplicate Erlenmeyer flasks 290 
each containing four daphnids (treatment F).  291 
Daphnids were incubated for 1h at 20°C on a laboratory rocker (10 rmp over a 292 
tilt angle of ±11°). Thereafter, all daphnids were individually picked and anesthetized 293 
in carbon dioxide rich water. Three individuals from each Erlenmeyer were then 294 
transferred to separate scintillation vials with 500µl Soluene350 (Perkin Elmer Inc., 295 
San Jose, CA, USA) to solubilize the tissue and incubated at 50°C for approximately 296 
6h. For one experiment six D. galeata individuals were dissected after labelling and 297 
colons and the outer carapaces were separated for uptake measurements. When the 298 
daphnids were dissolved 0.5mL of scintillation cocktail (Rotiszint eco plus, Carl Roth 299 
GmbH, Karlsruhe, Germany) was added and radioactivity was measured in a 300 
scintillation counter (n=9 for each treatment and date). One daphnid from each 301 
treatment and date was fixed with EtOH, placed on a cover slip and dissected under 302 
a binocular microscope for later FISH and MAR-FISH analysis (see below). 303 
Experiment II (Fig S2) was essentially performed as described for Experiment 304 
I, except that daphnids were collected from Lake Zurich, and the microbial 305 
communities in the A- and F-treatments were removed already before addition of the 306 
radioactive tracer to assess the total potential uptake of Daphnia sp. epibionts. 307 
Separate triplicate sets of water samples (1mL) were used to determine tracer uptake 308 
by the pelagic bacterial assemblages. Finally, all incubations for Experiment II were 309 
performed at in situ (lake water) temperatures. 310 
 311 
Staining and microscopic analysis 312 
 Dissected Daphnids on the cover slips were overlaid with a drop of 0.1% low 313 
melting point agarose and dried at 45°C. The cover slip was incubated in 90% EtOH 314 
for 45min to fix the bacterial community. FISH and MAR-FISH with probe R-BT065 315 
(34) (targeting bacteria affiliated with Lhb) were essentially conducted as described 316 
before (27, 53) albeit on the cover slips, and predigestion was reduced to a lysozyme 317 
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treatment of 20min only. Microscopic imaging of the filtration apparatus was done on 318 
an inverse confocal laser scanning microscope (CLSM Leica SP2, Leica 319 
Microsystems, Wetzlar, Germany) at the Centre for Microscopy and Image Analysis 320 
of the University of Zurich. Images were further processed with the software package 321 
Imaris x64 version 7.5.2 (Bitplane AG, Zurich, Switzerland) and arranged using 322 
Photoshop CS5 (Adobe Systems Inc., San Jose, CA, USA).  323 
Phylogenetic analysis 324 
Four 16S rRNA gene clone libraries were constructed to analyse the phylogenetic 325 
composition of Lhb bacteria on daphnids from Lake Zurich, on cultured D. galeata 326 
and in the surrounding media (Lake Zurich water from 5m depth and D. galeata 327 
cultivation medium). For this purpose, daphnids and water samples from Lake Zurich 328 
were obtained on March 31. All daphnids were washed 3 times in sterile, UV-treated 329 
deionized water. DNA was isolated from approximately 13-16 daphnids or 25mL of 330 
filtered water using the PowerSoil DNA isolation kit (MO BIO Laboratories, Inc., 331 
Carlsbad, CA, USA). 16S rRNA gene sequences affiliated with Lhb were amplified 332 
using the R-Bt065 oligonucleotide (34) as a forward primer and a general bacterial 333 
reverse primer (54) (annealing temperature: 57°, 30s; GoTaq Green Master Mix, 334 
Promega Co., Madison WI, USA). The purified PCR products were cloned into 335 
competent Escherichia coli (pGEM-T Easy Vectors, Promega Co.). The clones were 336 
screened for inserts and positive clones were sequenced. The sequences were 337 
assembled using DNA Baser Sequence Assembler (Heracle BioSoft S.R.L., Pitesti, 338 
Romania), aligned with the SINA web aligner (55) and merged into the SILVA SSU 339 
reference database 110 using the software package ARB (56). Uchime (57) was 340 
used to exclude chimeric sequences. Bootstrapped Maximum Likelihood trees (1000 341 
repetitions, (58)) were calculated that comprised the sequences from this study, 342 
Limnohabitans sp. isolates as published in Kasalický et al (59), and Limnohabitans 343 
sequences obtained from D. magna gut analysis (10). The same set of sequences 344 
was clustered into OTUs (99% identity) using Mothur (60), and the OTU clustering 345 
pattern was compared to the results of the phylogenetic analysis. All sequences are 346 
deposited in the EMBL database with accession numbers HF96498 – HF968621. 347 
  348 
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Figure 1: Schematic depiction of the setup of experiment I. For the raw water (Rw) 
and filtrate (F) treatments active D. galeata individuals were incubated for 1 h 
together with the lake water microbial assemblages (Rw) or in lake water filtrates 
(F). Both Rw and F treatments had been pre-incubated with tritiated leucine for 1 h 
before the addition of daphnids. In the anesthetised treatment (A) daphnids were 
placed in CO2-enriched mineral water prior to incubation in the lake water filtrates 
(negative control). Subsequently, daphnids were either dissected for 
microautoradiography (MAR-FISH, 1 animal), or total leucine uptake per individual 






Figure 2: Leucine uptake of the heterotrophic bacterial community (B) after 1h of 
labelling, by active Daphnia galeata after 1h of incubation in the labelled raw water 
(Rw), and by active (F) and anesthetised (A) D. galeata maintained for 1h in tracer 
containing 0.2 µm prefiltered lake water. Error bars represent the standard 
deviation of triplicate water samples (B) or the standard errors of measurements 
from 9 individual daphnids (Rw, F, A). 
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Figure 3: Confocal photomicrographs of Daphnia spp. epibionts (left), and localisation 
of the depicted structures in a schematic drawing of a daphnid (right). Green cells 
are hybridised with probe R-Bt065, targeting Lhb bacteria. Depicted in red are 
other DNA-containing objects, ie., bacterial cells that are not Lhb and nuclei of 
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Daphnia. Panels A and B: D. galeata feeding appendages with hybridised Lhb 
cells. Panel C: D. galeata feeding combs with hybridised Lhb cells surrounded by 
black halos from microautoradiography staining that indicates the uptake of 
tritiated leucine by these bacteria. Panel D: feeding appendage of daphnid from 
Lake Zurich with hybridised Lhb and numerous other bacteria. TL3, TL4: trunk 




Figure 4: Development of chlorophyll a, temperature, and of the populations of 
Daphnia sp. and pelagic Lhb bacteria in Lake Zurich from April 17 to May 31 2013. 
Upper panel: Chlorophyll a concentrations and temperature between 0 and 15m 
depth. Grey circles indicate the dates and depth of samplings for the incubations 
with radiolabeled tracers, and for DNA extraction to identify Lhb epibionts (last 
time point). Lower panel: Abundances of juvenile and adult daphnids and 
proportions of pelagic Lhb bacteria of all bacterioplankton cells.  
 




Figure 5: Uptake of tritiated leucine (upper panels) and N-acetyl-glucosamine (NAG, 
lower panels) by the heterotrophic bacterial community (B) after 1h of incubation, 
by lake daphnids after 1h of incubation in this labelled raw water (Rw), and by 
active (F) and anesthetised lake daphnids (A) maintained for 1h in tracer 
containing 0.2 µm prefiltered lake water. The experimental dates are indicated in 
each panel. Error bars represent the standard deviation of triplicate water samples 





Figure S1: Left panel: Shared and unique operational taxonomic units (OTUs, 99% 
identity cut-off) of 16S rRNA gene sequences of Lhb bacteria from cultured 
Daphnia galeata, from Lake Zurich daphnids, and from cultured D. magna (1). 
Right panel: phylogenetic analysis (Maximum Likelihood method) of 
Limnohabitans spp. including sequences from cultured strains (2). The individual 
OTUs are depicted as grey boxes, the broken line links sets of sequences from a 
single OTU. Values in brackets refer to the numbers of sequences in ‘collapsed’ 
clusters depicted as wedges. Only bootstrap values >50% (1000 replications) are 
reported. Scale bar, 10% estimated sequence divergence. 
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Figure S2: Schematic depiction of the setup of experiment II. For the raw water (Rw) 
individual Daphnia spp. from Lake Zurich were incubated for 1 h together with the 
lake water microbial assemblages (Rw), that had been pre-incubated with tritiated 
leucine for 1 h before the addition of daphnids. For the filtrate (F) and the 
anesthetised treatment (A, negative control) active and CO2-treated Daphnia spp., 
respectively, were maintained for 1h on lake water filtrates that had been pre-
incubated with leucine. Subsequently, daphnids were either dissected for 
microautoradiography (MAR-FISH, 1 animal), or total leucine uptake per individual 
was determined by scintillation counting (3 animals). Additionally, lake water 
samples were incubated with leucine for 1h to determine uptake of the microbial 
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